1. Introduction
===============

Today, it is confirmed that some cancers can be treated using Boron Neutron Capture Therapy (BNCT). The advantage of BNCT is the secondary particles from the decay with high linear energy transfer (LET) and therefore, they pass a short distance into the tissue and deposit their energy in a small area. This leads to the increase in direct effects of radiation and reduces damage to the normal tissue, and compared to photon radiation therapy, it has a higher dose in the tumor region ([@b1-epj-09-4590]). Not only is BNCT safe and maintains the normal tissue, but also, it removes indistinguishable cancer cells ([@b2-epj-09-4590]). The main problem of BNCT is related to the difficulty in epithermal neutron production with an appropriate flux for therapy ([@b3-epj-09-4590]). One of the most practical sources appropriate for producing epithermal neutron for BNCT is nuclear reactors. However, due to their high costs and dimensions to be installed and operated in hospitals, using these sources is limited to few countries. In search for new sources, researchers have proposed using cyclotron accelerators, indirect production of neutrons and radioactive sources neutron emitters, each of which has its own advantages and disadvantages ([@b4-epj-09-4590]--[@b9-epj-09-4590]). Though, in developing countries, radiotherapy departments are often equipped with electron linear accelerators and some work is conducted to utilize this accelerator to produce epithermal neutrons ([@b10-epj-09-4590]--[@b15-epj-09-4590]). The benefits of electron linear accelerators are their low cost, small dimensions, high safety, and high social acceptability that make them a good choice to be utilized in hospitals ([@b16-epj-09-4590]). The basis in these neutron sources is such that first, electrons are accelerated to energy of about MeV and after colliding a target made of heavy metals, Bremsstrahlung radiation occurs and Mega Voltage x-rays are produced. By putting materials with high atomic number on the path of high-energy photons, the possibility of reactions (γ, n) is provided and a neutron is produced. In this method, neutron production starts when the energy of electrons is about 10MeV ([@b17-epj-09-4590]). Much research is conducted on the type and thickness of the photoneutron target on various materials including W, U, D~2~O, Pb, and BeD~2~, each of which has its own advantages and limitations ([@b12-epj-09-4590], [@b14-epj-09-4590], [@b18-epj-09-4590], [@b19-epj-09-4590]). For example, Uranium (U) possesses the highest photoneutron flux; however, its neutron flux energy spectrum is higher than others, and the average energy of neutrons resulted from it is in the range of fast neutrons. The other disadvantages are its high cost, inaccessibility, patient's fear, and the need to have necessary licenses to work with uranium ([@b18-epj-09-4590]). After U, tungsten (W) has the highest neutron flux relative to other materials and due to its advantages such as easy access, reasonable price and lack of toxicity (similar to Pb), it has been selected in most studies as the photoneutron target ([@b14-epj-09-4590], [@b18-epj-09-4590], [@b20-epj-09-4590], [@b21-epj-09-4590]). In this study, the effect of thickness, geometry, and orientation of photoneutron target on neutron flux and neutron energy flux and the convergence of the neutron output is investigated using MCNPX simulation code, then they are compared and the optimum target is selected.

2. Material and Methods
=======================

Using MCNPX6.2 code, simulation of geometry and calculation of output neutron energy flux, neutron flux and drawing results of calculations were conducted using Excel software. A pencil beam with diameter of 2mm and single energy was simulated with 13, 15, 18, 20 and 25 MeV energies using MCNP code. The number of particles used in simulation was 6×10^8^ and acceptable relative error was less than 1%. To reduce the program runtime and measurement error, variance reduction methods used in MCNP code were employed, including photon and electron energy cut (Pcut=0.1Mev and Ecut=0.7 Mev) as well as splitting and Russian roulette for both geometry and energy. Due to low thermal and epithermal neutron fluxes relative to fast neutrons, weight window energies were utilized. As the target material for interaction (γ, n), tungsten was selected due to its important characteristics such as high atomic number (Z=74), high density (ρ=19.25 g/cm^3^), high thermal tolerance (melting point of 3422 °C) and high thermal transfer. Using photons with energies of about 12MeV to 18MeV, increases output neutron flux due to the photonuclear process of giant dipole resonance (γ,xn) ([Figure 1](#f1-epj-09-4590){ref-type="fig"}) ([@b22-epj-09-4590]).

To select the optimum energy for photons hitting the target, single energy photon source was employed with 13, 15, 18, 20, and 25MeV energies. Then, by determining the appropriate energy of radiation photon, the rest of the simulations were conducted with that energy. A disk-shaped tungsten target with a diameter of 8cm and thicknesses of 1, 1.5, 1.8, 2, 2.3, 2.5, and 3 cm was investigated. All measurements were conducted in a 10cm distance from the photoneutron target ([Figure 2](#f2-epj-09-4590){ref-type="fig"}). To reduce the simulation runtime, the entire space was filled with vacuum. To investigate the convergence of neutrons (move forward), the ratio of neutron flux to the total number of neutrons passing through the surface was used ([@b23-epj-09-4590]). Various geometries were employed to calculate and compare the efficiency of neutron flux production as well as convergence of the neutron output ([Figure 3](#f3-epj-09-4590){ref-type="fig"}).

3. Results
==========

To assess the relation of neutron flux and photon energy produced via photonuclear interaction, photons with different energies were employed with a 2-cm tungsten target previously proposed by Rahmani ([@b18-epj-09-4590]). According to [Figure 4](#f4-epj-09-4590){ref-type="fig"}, results of calculations show that for all radiation photon energies, the highest neutron flux was produced in 0.46MeV energy and this is the maximum value for 15 MeV energy. As can be seen in [Figure 4](#f4-epj-09-4590){ref-type="fig"}, first, the produced neutron flux increases by the increase in energy of collision photon and then a decreasing trend is observed. To study the effect of the thickness of the tungsten target on efficiency of neutron flux production, the tungsten disk was used with various diameters. According to [Figure 5](#f5-epj-09-4590){ref-type="fig"}, as the thickness increased from 1cm to 2cm, neutron flux increased and then a decreasing trend was observed by increase in thickness. However, the highest efficiency is still observed in 0.46 MeV energy for all thicknesses. In the next step, the effect of geometrical shape and the effective area of the incident photon on neutron flux, energy flux and the convergence of neutron output were investigated ([Figure 6](#f6-epj-09-4590){ref-type="fig"}). The highest output flux is related to target D.

4. Discussion
=============

Today, cyclotrons are employed for proton acceleration, and then by colliding ^7^Li, a high-efficiency neutron is produced according to ^7^Li (p,n), ^7^Be interaction. However, since in developing countries it is not possible to use cyclotrons in general, linear accelerators are an acceptable source to generate clinical neutrons. Therefore, for maximum production of epithermal neutron flux, designing the incident target of mega voltage photons to produce neutrons is of significant importance. In this paper, the effect of thickness and the geometric shape of the photoneutron converter have been investigated. Important physical quantities related to IAEA standard to select photoneutron source are total neutron flux (ϕ) and the ratio of neutron flux to neutron current (that shows convergence) ([@b22-epj-09-4590]). As neutron flux increases, the healing time is reduced and as the convergence of neutron output increases, unwanted exposure of normal tissue is prevented and there is a better possibility for patient positioning along the main axis of the beam. Other physical quantities, including the energy flux (ψ) and mean energy (*Ē* ) of total neutrons passing the measured area show the quality of neutron beam and they have a special importance in designing BSA. Considering data related to photoneutron interaction cross section for tungsten ([Figure 1](#f1-epj-09-4590){ref-type="fig"}), the highest neutron flux was expected to occur for 13MeV photon, and this is while calculations show that the highest produced neutron flux occurs for about 15MeV photon ([Figure 4](#f4-epj-09-4590){ref-type="fig"}). As the energy of incident photon increases from 13MeV to 15MeV, the produced flux increases for 30%, and this is while the energy of incident photon increases to 18MeV, the produced flux reduces for about 34% and this decreasing trend is observed as the energy increases. One of the reasons to justify this trend is increased penetration of 15MeV photon relative to 13MeV photon and the fact that as energy increases, the significant decrease in photonuclear interaction cross section has resulted in the drop of neutron flux. This is while in previous studies only one increasing trend is reported ([@b18-epj-09-4590], [@b20-epj-09-4590]). The reason behind this discrepancy is the difference in the type of falling beam on the tungsten target, and in those studies, the electron beam is employed. To assess the effect of penetration of photon on produced neutron flux, calculations were conducted using a tungsten target with various thicknesses and photons with 15 and 20MeV energies. For 15MeV energy and the increase of thickness, the produced neutron flux shows an increasing trend that suggests the possible increase of photoneutron interaction and the highest neutron is produced for the thickness of 2cm. For over 2cm thicknesses, a deceasing trend was observed due to the attenuation of neutron and photon flux. As can be seen in [Figure 5](#f5-epj-09-4590){ref-type="fig"}, such a trend is repeated for 20MeV energy; however, the effect of thickness on produced neutron flux is less, which could be the result of slower decreasing trend of the photoneutron interaction cross section around this energy. For a target with various geometrical shapes, as the incident surface of photon increases without sensible change of thickness, targets B and C (with relatively twice input and output surface) show a 17% and 10% increase respectively. In addition, target D has the effective thickness of 2cm. However, since the effective surface of incident photons has increased, it contains the highest output neutron flux. Concerning targets E and F, with regard to the decrease of effective thickness, they show a reduction on 38% and 19% relative to D. In other words, using a hemisphere such that the photon hitting a flat surface is more efficient to produce neutrons, as Torabi has employed this geometry ([@b14-epj-09-4590]). Regarding cone-shaped targets, target G has a higher output flux relative to targets H and I due to having thickness that is more effective. However, as can be seen in [Figure 6](#f6-epj-09-4590){ref-type="fig"}, it has a lower flux compared to other geometries. Considering the larger incident surface of target G relative to target A and similar thicknesses, this may be due to the change in the angle of incidence of the photon colliding with the target. Previous studies have not investigated the effect of the shape of photoneutron converter. According to [Table 1](#t1-epj-09-4590){ref-type="table"}, maximum total neutron flux produced, resulted from the collision of photon with 15MeV energy with target D and maximum total energy flux occurred are related to targets A, B, and C which are disk-shaped. This is while the minimum and maximum mean energy of passing neutrons are related to targets D and I respectively. Therefore, considering the neutron energy limit required in therapy, the shape of the photonuclear converter could be selected. According to IAEA, the acceptable convergence for neutron output in BNCT therapy is at least 0.7. The convergence of neutron output increases by an increase in mean energy (E~n~) and this shows that energetic neutrons move forward more and show less scattering. Therefore, target D is of least convergence and the highest convergence is related to target I. Finally, to select the photoneutron target, all three factors of neutron flux, energy spectrum, and convergence of neutron output should be considered.

5. Conclusions
==============

In this study, it was shown that the thickness and geometry of photoneutron source could have a significant effect on flux, average energy, and the convergence of the neutron output. On the other hand, the energy spectrum of photon radiated on photonuclear converter can affect the convergence and output neutron flux. Thus, it is suggested to use an electron accelerator instead of a single energy photon beam. Therefore, considering the neutron energy limit required in BNCT and photon source therapy, the appropriate photoneutron converter geometry could be selected.
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![Photoneutron targets with cross-section 8cm radius and geometric shape of A) a disk with 2cm thickness, B) a disk with several hemisphere holes (2 mm radius) on the upper surface, C) a disk with several hemisphere holes (2mm radius) on the lower surface, D) a spherical shell with a 2cm thickness, E) a spherical slice with maximum thickness 2 cm, F) Figure E rotated 180°, G) a cone shell with 2cm thickness, H) a cone with 2 cm height, I) Figure H rotated 180°](EPJ-09-4590-g003){#f3-epj-09-4590}
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###### 

The total neutron flux (n.cm^−2^.his^−1^) n~ϕ~, average energy per neutron E~n~ (MeV/n), the total energy flux, and the convergence of neutrons (Φ~n,\ total~/I ~n,\ total~) for various target shapes irradiated by photon energy 15MeV.

  Shape No                                               A              B              I              H              G              F              E              D              C
  ------------------------------------------------------ -------------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- --------------
  Φ~n,total~× 10^−5^ ( n/cm^2^.his) (relative error)     2.37 0.05%)    2.75 (0.06%)   1.23 (0.48%)   1.62 (0.26%)   1.98 (0.10%)   1.51 (0.21%)   1.75 (0.19%)   2.77 (0.07%)   2.57 (0.05%)
  Ψ~n,total~ × 10^−5^ (MeV/cm^2^.his) (relative error)   1.62 (0.05%)   1.63 (0.05%)   1.43 (0.05%)   1.43 (0.05%)   1.58 (0.05%)   1.49 (0.05%)   1.49 0.05%)    1.60 (0.05%)   1.63 (0.05%)
  *Ē~n~* (MeV/n)                                         0.68           0.59           1.16           0.88           0.79           0.98           0.85           0.57           0.63
  Φ~n,total~/I ~n,total~                                 0.66           0.57           0.77           0.73           0.67           0.77           0.72           0.53           0.61
